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Infection of Vero and HEp-2 but not of 143TK2 cells with herpes simplex virus 1 results in fragmentation and dispersal of
the Golgi apparatus. Concurrently, in all three infected cell lines the microtubular network is disrupted, suggesting that the
disruption of microtubules is essential but not sufficient to induce the fragmentation of the Golgi apparatus. We now report
the following: (i) In polykaryocytes formed in Vero cells infected with HSV-1 syn2 mutant viruses, intact Golgi stacks were
readily detected by electron microscopy. These aggregated in the center of large polykaryocytes. (ii) The distribution of viral
glycoprotein D, examined in both fixed and nonfixed cells, appeared to match the distribution of the Golgi stacks, suggesting
that the aggregated Golgi stacks funnel viral glycoproteins and viral particles to a limited region of the plasma membrane of
the polykaryocytes rather than directing exocytic flow in a more dispersed fashion as seen in syn1 virus-infected cells
exhibiting fragmented and dispersed Golgi. (iii) In most polykaryocytes, the microtubules formed parallel bundles extending
along the axis of recruitment of new cells. (iv) Fragmentation of the microtubules at the periphery of the cell near the plasma
membrane was observed in untreated or cycloheximide-treated cells 2 h after infection with syn2 virus HSV-1(MP) or syn1
HSV-1(mP) but not in mock-infected cells. These observations suggest that peripheral depolymerization is initiated at the time
of infection and that a factor which determines the syn2 or syn1 phenotype is whether the microtubular network regenerates
concomitant with cell fusion or reorganizes to form a collapsed network surrounding nuclei of syn1 infected cells. © 1998
Academic Press
INTRODUCTION
The studies described in this report have their origins
in studies on mutants lacking the UL20 gene of herpes
simplex virus 1 (HSV-1). In infected Vero and HEp-2 cells,
UL20
2 virus accumulated in the perinuclear space, and
although the virions were infectious, virion glycoproteins
were not processed (Baines et al., l991; Ward et al., l994).
In infected human 143TK2 cells, the virus induced the
formation of polykaryocytes (syn2 phenotype) and the
viral progeny was exported to the extracellular space
(Baines et al., l991). The lack of processing of the glyco-
proteins in infected Vero and HEp-2 cells raised the
question of whether the Golgi apparatus was functional
in these cells. Studies on the fate of the Golgi resulted in
two key observations. First, viral glycoproteins associ-
ated with cellular membranes, unlike those associated
with virions, were fully glycosylated in UL20
2 virus-in-
fected cells, suggesting that the exocytic pathway of
membrane-associated glycoproteins was different from
that of virions (Baines et al., l991). Second, in Vero or
HEp-2 cells infected with wild-type or with UL20
2 vi-
ruses, the Golgi apparatus was fragmented into small
vesicles dispersed throughout the cytoplasm, whereas in
infected 143TK2 cells the Golgi apparatus remained in-
tact (Campadelli-Fiume et al., l993; Ward et al., l994). It
became apparent, therefore, that the function of UL20
was to enable the exocytosis of virions, particularly in
cells in which the Golgi apparatus was fragmented and
dispersed.
These observations raised two questions. First, based
on the principle that the integrity of the Golgi apparatus
is dependent on the integrity of the microtubular organi-
zation (Thyberg and Moskalewski, l985), we asked
whether the Vero and 143TK2 cell lines could be differ-
entiated, in terms of the phenotype of UL20
2 virus, on the
basis of their microtubular organization. Studies of Vero
and HEp-2 cells showed that microtubular organization
is indeed altered after infection with wild-type HSV-1.
These changes take place early after infection and in-
volve depolymerization of the microtubular network at its
junction with the plasma membrane. Late in infection, the
microtubules repolymerize in a different pattern (Avita-
bile et al., l995). Three observations, (i) that microtubules
underwent a similar reorganization in 143TK2 cells in-
fected with wild-type virus while the integrity of the Golgi
stacks remain unaffected, (ii) that inhibitors of viral DNA
synthesis blocked the fragmentation and dispersal of the
Golgi apparatus but not that of microtubular reorganiza-
tion, and (iii) that taxol blocked reorganization of micro-
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tubules and the integrity of the Golgi stacks was re-
tained, led to the conclusion that microtubular reorgani-
zation was necessary but not sufficient to account for the
fate of the Golgi apparatus in infected cells (Avitabile et
al., l995).
Second, the observations that in 143TK2 cells UL20
2
virus induced polykaryocytosis and was exported from
the infected cells raised the question of whether the
exocytosis of the UL20
2 virus was facilitated by the
stability of the Golgi or by induction of polykaryocytosis
(Avitabile et al., 1995; Baines et al., 1991). The significant
finding reported here is that the architecture of the Golgi
apparatus in syn2 mutant-infected cells, irrespective of
the UL20
2 phenotype, is similar to that of uninfected
cells.
Relevant to this report is the observation that human
isolates characterized by limited passage in cell cul-
ture are usually syn1. syn2 mutants characterized by
fusion of cells into polykaryocytes frequently arise
spontaneously in cell culture and appear to have an
advantage in that environment but apparently not in
the human host. syn2 mutations have been mapped in
at least five loci: UL20, UL24, UL27 (gB), UL53 (gK), and
in the internal inverted repeats flanking ULl and US
sequences (a syn2 mutation originally mapped to gL
was later found to be in UL53) (Hoggan and Roizman,
l959; Manservigi et al., l977; Ruyechan et al., l979;
Little and Schaffer, l981; Sanders et al., l982; Bond and
Person, l984; Pogue-Geile et al., l984; Debroy et al.,
l985; Pogue-Geile and Spear, l987; Baines et al., l991;
Romanelli et al., l992). One interpretation of the obser-
vation that the same phenotype maps in several unre-
lated genomic domains is that the gene products
which carry these mutations form macromolecular
complexes. Disruption of one component of the com-
plex alters the function of the complex and may reflect
the fusion process of the virion envelope with the
plasma membrane which occurs during virus entry
(Ruyechan et al., l979). Alternatively, these gene prod-
ucts may function in a sequential process such that
disruption of one element will interrupt the entire pro-
cess. However, not all syn2 mutations are equivalent.
Some syn2 mutants cause fusion in nearly all the cell
lines they infect, whereas others induce cell fusion in
a limited number of cells (Ruyechan et al., l979).
In this report we show that depolymerization of the
microtubular network occurs in the vicinity of the plasma
membrane (peripheral depolymerization) at the time of
infection with either syn1 or syn2 viruses in the absence
of protein synthesis. We propose that the peripheral
fragmentation is a requirement of infection, and therefore
the process leading to cell fusion requires repolymeriza-
tion, whereas in syn1 virus-infected cells the reorgani-
zation of the microtubules precludes the continuous ar-
ray of microtubules of fused cells characteristic of syn2
virus-infected cells.
RESULTS
The Golgi marker 58K protein localizes predominantly
to a centralized region of polykaryocytes induced by
infection with syn2 mutants of HSV-1
We examined the distribution of the Golgi apparatus in
wild-type and syn2 mutant HSV-1 infected cells by visu-
alization of the fluorescence patterns of these cells re-
acted with antibody to the protein 58K. The 58K protein
has been identified as a peripheral membrane protein
that associates primarily with the cytoplasmic face of
Golgi and binds to microtubules, thus exhibiting charac-
teristics of both microtubule- and Golgi-associated pro-
teins (Bloom and Brashear, l989). In uninfected Vero
cells, 58K protein is localized to a discrete, perinuclear
pattern (Fig. 1g), whereas it is widely distributed in a
dispersed pattern throughout HSV-1(F)-infected cells
(Fig. 1h). The distribution of the 58K protein in polykaryo-
cytes depends somewhat on the structure of the
polykaryocyte.
As noted in the Introduction, wild-type HSV-1 causes
cells to round and clump. Polykaryocytosis is induced by
infection of cells with viruses that carry any of several
independent mutations in genes encoding membrane
proteins. The structure of polykaryocytes varies consid-
erably in the number of nuclei and their arrangement.
The structure as a rule depends on the mutation and the
nature of the infected cell. We have chosen for these
studies two mutants, HSV-1(MP) and HSV-1(F)D305
(UL24
2). HSV-1(MP) efficiently recruits cells into poly-
karyocytes and forms the largest polykaryocytes seen to
date, whereas HSV-1(F)D305 forms relatively small
polykaryocytes. The polykaryocytes formed on the two
cell lines also differ. The nuclei appear aggregated in
Vero cells (Figs. 1c and 1e) and relatively dispersed in
143TK2 cells (Figs. 1i and 1j).
In polykaryocytes induced in Vero cell cultures in-
fected with mutant HSV-(MP) carrying a syn2 mutation in
glycoprotein K, (Fig. 1a) or with the HSV-1(F)D305 carry-
ing a syn2 mutation in UL24
2 (Fig. 1d), the fluorescence
due to the 58K Golgi marker was most intense at or near
the center of the polykaryocyte and fell off toward the
periphery of the polykaryocyte. The polykaryocytes in-
duced by either virus in 143TK2 cell cultures showed a
similar distribution of 58K protein (data not shown).
Distribution of glycoprotein D (gD) in cells infected
with syn2 viruses
The purpose of this series of experiments was to
compare the distribution of glycoprotein D to that of 58K
protein in cells infected with syn2 viruses. In the first
series of experiments we examined the distribution of
glycoprotein D by immunofluorescence in infected, fixed,
and permeabilized cells. As expected, distribution of the
viral gD was similar to that of the 58K Golgi marker in
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FIG. 1. Confocal photographic images of infected and uninfected cells reacted with antibodies to the 58K Golgi protein or to HSV-1 glycoprotein
D. Cells were grown on glass microscope slides, infected with 10 PFU/cell of the indicated viruses, and fixed in ice-cold methanol 16 h after infection.
Fixed cells were reacted with primary antibodies for 2 h at room temperature, washed extensively, and reacted with a secondary antibody conjugated
to Texas red for 1 h at room temperature. Images were captured with software provided by Zeiss with the instrument and either photographed using
a Contax 35-mm camera and T-MAX 100 film or printed using Adobe Photoshop software and a Tektronix printer. (a) Vero cells infected with HSV-1(MP)
and reacted with 58K antibody; (b and c) Vero cells infected with HSV-1(MP) and reacted with gD antibody; (d) Vero cells infected with HSV-1 (D305)
reacted with 58K antibody; (e and f) Vero cells infected with HSV-1(D305) and reacted with gD antibody; (g) Vero cells, mock-infected and reacted with
58K antibody; (h) Vero cells infected with HSV-1(F) and reacted with 58K antibody; (i) 143TK2 cells infected with HSV-1(MP) and reacted with gD
antibody; (j) 143TK2 cells infected with HSV-1(D305) and reacted with gD antibody.
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polykaryocytes formed by infection of either Vero or
143TK2 cells with the two syn2 viruses [HSV-1(MP)
(Vero, Figs. 1b and 1c; 143TK2, Fig. 1i) and UL24
2 (Vero,
Figs. 1e and 1f; 143TK2, Fig. 1j). The key observation is
that the structure of the polykaryocyte is in large part the
determinant of localization of the proteins surveyed in
these assays. In cells in which the nuclei coalesced, as
for example in HSV-1(MP)-infected Vero cells (Figs. 1b
and 1c), the gD and in other assays p58 was localized to
the periphery of the cell, whereas in polykaryocytes in
which the nuclei were dispersed (e.g., Figs. 1i and 1j), gD
was centrally located.
In the second series of experiments we examined the
distribution of glycoprotein D on the surface of infected,
unfixed cells. In Vero cells infected with the syn2 mu-
tants and reacted with the anti-gD monoclonal antibody
without prior fixation of the cells, the distribution of gD
was restricted largely to a central region of the
polykaryocytes (Figs. 2A–E). The central localization of
gD was particularly pronounced in cells infected with
HSV-1(MP); in the smaller polykaryocytes induced by
HSV-1(D305) it is much less apparent. However, gD is
absent from the outer perimeter of the plaques consist-
ing of polykaryocytes, whereas in HSV-1(F)-infected cells
gD is distributed over the entire surface of the plaques.
The distribution of surface gD in these polykaryocytes
corresponded to the position of the Golgi defined by the
pattern of fluorescence of the 58K protein in permeabil-
ized polykaryocytes (Fig. 1). Double staining with anti-
bodies to both gD and 58K protein showed that the
majority of both proteins colocalized in cells infected
with either syn2 mutant virus (Fig. 3). Some dispersed
green fluorescence is also present at the outer regions
of the polykaryocytes and the higher intensity of the
green fluorescence reflects the higher abundance of gD
protein compared to 58K protein in these cells. It is
expected that the distribution of gD may be broader than
that of the Golgi marker, since viral glycoprotein would
also be a component of transport vesicles, nuclear mem-
branes, and virus envelopes. However, the 58K protein is
restricted to the central region and its colocalization with
gD is shown by the yellow fluorescence (Fig. 3d).
The Golgi apparatus is altered but not fragmented in
syn2 mutant virus-infected cells
The observation that the 58K protein was concentrated
in the center of the Vero cell polykaryocytes induced by
syn2 viruses raised the question of whether the Golgi
were fragmented but concentrated in the center of the
polykaryocytes or whether they were intact, that is,
whether they retained an architecture typical of the Golgi
stacks seen in uninfected cells. In cells infected with
wild-type virus, intact Golgi stacks were not observed;
the most common feature is the appearance of clusters
of vesicles whose origin is not known but which appear
to be distended vesicles originating from Golgi mem-
branes (Campadelli-Fiume et al., 1993). Golgi stacks
ranging from quasi-normal to distended or curled into
semicircles were readily detected in Vero cell cultures
infected with UL24
2 (Figs. 4A–4C) or with HSV-1(MP)
(Figs. 4D–4G). In some instances, virus particles were
FIG. 2. Photographs of unfixed Vero cells infected with (A–C) syn2 mutant viruses [HSV-1(F)D305] (D and E) HSV-1(MP), or (F and G) wild-type virus
HSV-1(F). The arrowheads indicate the edges of the polykaryoctes in A–E. At 48 h after infection, cells were reacted with antibody to gD and
subsequently with a biotinylated goat anti-mouse IgG followed by biotinylated horseradish peroxidase bound to avidin. The bound antibody was
detected by 4-chloro-1-naphthol substrate.
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observed in close proximity to the Golgi stacks (Fig. 4D).
Furthermore, Golgi stacks were most frequently found in
cytoplasmic regions between nuclei of the polykaryocyte
as in Fig. 4A, but not in the vicinity of the plasma mem-
brane. We frequently observed several Golgi stacks in a
single field, a very unusual event in uninfected cells or in
cells in which the Golgi is dispersed. Since the parent
virus of HSV-1(MP) is HSV-1(mP), Vero cells infected with
the latter virus were also examined for the presence of
Golgi stacks. Cells infected with this virus do not differ
from those infected with HSV-1(F) (data not shown).
The organization of microtubules in cells infected
with syn2 viruses
The organization of microtubules plays a key role in
maintenance of the integrity of the Golgi apparatus as
well as of the general physical structure of cells. The
microtubules nucleate at a structure termed the micro-
tubule organizing center and radiate outward in a com-
plex pattern (reviewed in Ref. 27) Figs. 5C and 5E). As
previously reported (Avitabile et al., 1985), cells infected
with HSV-1 wild type virus exhibit changes in the orga-
nization of microtubules (Fig. 5; compare b with c and a
with e). This reorganization consists of initial disruption
of microtubules at the junction of the microtubular net-
work with the plasma membrane, followed by reorgani-
zation of the network to a pattern different from that of
uninfected cells (Avitabile et al., 1985). In general, the
microtubules appear broken and are often criss-crossed
rather than in the more regular array seen in uninfected
cells. In addition, the microtubules appear to be retracted
and collapsed around the nucleus (Figs. 5a and 5b).
However, microtubules of cells infected with syn2 vi-
ruses appear to form long bundles that run, in general,
parallel with the array of nuclei along the long axis of the
polykaryocyte (Figs. 5d, 5f–5j). While in both syn2 and
syn1 infected cells, microtubules are reorganized, the
primary difference is the continuity of the microtubules
as the cells become fused. In contrast, in singly infected
cells, the microtubules invariably collapse completely as
the cells round up.
The organization of microtubules in the initial stages
of infection
To determine whether viral protein synthesis is re-
quired for the initial stages of microtubule reorganization
at or near the plasma membrane, cells were treated with
cycloheximide prior to and during mock infection or in-
FIG. 3. Confocal images of 143TK- cells infected with (a) HSV-1(F), (b) HSV-1(D305), or (c) HSV-1(MP) and double-stained with antibodies to gD
(green fluorescence) and 58K protein (red fluorescence). Cells were grown, infected, fixed, and reacted with antibodies as described in Fig. 1. The
red and green fluorescent images were collected simultaneously to show colocalization of the two proteins. (d) Enlargement of the overlaid image
in c.
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FIG. 4. Electron micrographs of Vero cells infected with (A–C) [HSV-1(F)D305] or (D–G) HSV-1(MP). Monolayers of Vero cells were infected with 2
PFU per cell and incubated at 37°C for 24 h and then fixed and prepared for electron microscopy. Golgi stacks can be seen in the cytoplasmic region
between juxtaposed nuclei of the polykaryocyte (A). Viral particles can occasionally be observed in association with the Golgi stacks (D).
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FIG. 5. Photomicrographs of infected and uninfected Vero or 143TK2 cells reacted with antibody to a-tubulin and a secondary antibody conjugated
to Texas red. Cells were infected with the indicated viruses and processed for immunofluorescence as described in the legend to Fig. 1. Note the
presence of parallel bundles of microtubules that orient toward the cells being recruited into the polykaryocyte (d, g, h–j).
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fection with HSV-1(mP) or HSV-1(MP). The infected cells
were then fixed and stained with antibody to a-tubulin.
As shown in Fig. 6, cycloheximide-treated cells infected
with either the syn2 strain HSV-1(MP) or the syn1 strain
HSV-1(mP) exhibited considerable breakage of microtu-
bules, particularly at the edges of the cells where the
network of microtubules appears to be collapsed. This is
evident if the rounded edges of the infected, cyclohex-
imide-treated cells are compared with the ends of mi-
crotubules in mock-infected cells. Cycloheximide treat-
ment did not significantly affect the appearance of mi-
crotubules in mock-infected cells. The reorganization of
the microtubule network could not be differentiated be-
tween infected cycloheximide-treated and untreated
cells, indicating that viral protein synthesis is not re-
quired to induce the microtubule breakage.
DISCUSSION
The salient features of the results presented in this
report are that (i) the Golgi stacks remained intact and
aggregated in the center of polykaryocytes induced by
syn2 mutants of HSV-1, (ii) glycoprotein D associated
with either membranes or virion envelopes accumulated
on the surface of polykaryocytes, particularly those in-
duced by infection with HSV-1(MP), in a region corre-
sponding to the polykaryocyte domain containing the
intact Golgi stacks, (iii) microtubules of polykaryocytes
were arranged in long arrays that appear to become
connected between cells as they fuse, and (iv) the mi-
crotubules at the periphery of cells 4 h after infection at
high multiplicity with syn2 or syn1 viruses were depoly-
merized in the absence of viral protein synthesis. Our
observations have implications with respect to three
processes taking place in HSV-1-infected cells.
The first is the encasement into transport vesicles of
virions accumulating in the space between the inner and
outer nuclear membranes. No process in uninfected
cells resembles the formation of vesicles emanating
from the outer nuclear membrane of infected cells
(Pogue-Geile et al., l984; Roizman and Sears, 1996). Ear-
lier studies have established that the formation of trans-
port vesicles requires, or is much more efficient, in the
presence of functional UL20 proteins. The mechanism by
which they are formed, and especially the requirements
for their formation, are not known.
The second is the processing of virion envelope gly-
coproteins by the Golgi apparatus. What is clear is that
fragmentation and dispersal of Golgi stacks is a hallmark
of HSV infection in most cell lines infected with wild-type
virus (Campadelli-Fiume et al., l993). Fragmentation and
dispersal of the Golgi apparatus in uninfected cells re-
sulting from exposure to drugs frequently leads to loss of
function. Fragmentation of the Golgi apparatus in HSV-
1-infected cells does not result in loss of function; it is a
late event, associated with the synthesis of virion pro-
teins and glycoproteins, and as indicated in the Introduc-
tion, the precise requirements are not known.
Last, the role of polykaryocytosis induced by some
HSV-1 mutants in the biology of the virus, and the mech-
anism by which these multinuclear cells are formed,
remain a fascinating puzzle since the issue was raised
many years ago (Roizman, 1962).
The scenario we propose is as follows:
(i) The fusion of the virion envelope with the plasma
membrane may require disruption of the anchorage of
microtubules to the appropriate proteins associated with
the plasma membrane. To test this hypothesis, we in-
fected cells at a high multiplicity in the presence and
absence of protein synthesis. The results suggest that
peripheral depolymerization takes place in the absence
of protein synthesis in both syn2 and syn1 infected cells.
In syn2 infected cells during the normal course of infec-
tion, the microtubules of the fused cells repolymerize and
form long connected arrays throughout the polykaryo-
cyte. In the absence of protein synthesis at late times
after infection (data not shown), the microtubule organi-
zation remains indistinguishable from that of singly in-
fected cells, suggesting that viral protein synthesis is
necessary for the formation of the long microtubule ar-
rays observed in polykaryocytes. Furthermore, while mi-
crotubules may appear to be connected between neigh-
boring cells infected with either syn2 or syn1 viruses, the
microtubules of singly infected cells will invariably retract
and collapse around the nucleus as the cell rounds up.
(ii) Microtubule reorganization in syn1-infected cells
either continues or reinitiates with the accumulation of
viral membrane proteins at the plasma membrane. We
should note that the synthesis of both glycoprotein D and
glycoprotein B is initiated early in infection, before the
onset of viral DNA synthesis, and therefore the timing of
synthesis of viral membrane proteins is not at variance
with the observation reported earlier that extensive de-
polymerization of microtubules is an early event, inde-
pendent of synthesis of viral DNA.
(iii) We have previously reported that a second reor-
ganization of microtubules takes place in wild-type in-
fected cells and takes the form of bundles which encircle
the nucleus. We propose that the function of this reorga-
nization is to enable the changes in the outer nuclear
membrane necessary for formation of transport vesicles
which carry virions into the exocytic pathway. The argu-
ments in support of this hypothesis require a digression.
The oligosaccharide chains of virion glycoproteins un-
dergo processing by Golgi enzymes. In essence, the
Golgi is a funnel through which virions pass on their
voyage to the extracellular space. In syn1 virus-infected
cells, the Golgi apparatus is fragmented and dispersed
throughout the cytoplasm, and by extension the ‘‘funnels’’
are increased in number and dispersed. We show in this
report that in polykaryocytes this is not the case. Both
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FIG. 6. Photomicrographs of Vero cells mock infected or infected with 300 PFU of HSV-1(mP) or HSV-1(MP) per cell and either untreated or treated
with cycloheximide (100 mg/ml of medium) for 1 h before and during the 2-h interval of infection. The photomicrographs were taken with a 63X oil
immersion objective on TMax Kodak film with the aid of a Zeiss confocal microscope. The procedures are described under Materials and Methods.
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nuclei and the Golgi accumulate in the center of the
polykaryocytes. We also show that glycoprotein D local-
izes to a limited central region on the surface of
polykaryocytes, suggesting that the exocytosis of virions
is restricted to a defined domain of the infected cell.
Thus, the repolymerization of the microtubules at late
stages of infection into a shell surrounding the nucleus
may serve to avoid impedance of the transport of the
relatively large vesicles carrying one and frequently sev-
eral virions from the nuclear membrane to the extracel-
lular space.
(iv) In the studies described in this report, the com-
mitment to cell fusion appears to take place after entry
of the virus into cells and the accompanying peripheral
depolymerization of microtubules. The implication of
this observation is that following fusion of cells, the
microtubules of recruiting cells polymerize with the
microtubules of the recruited cells to form a continu-
ous structure extending to the periphery of the
polykaryocyte. The implications of this hypothesis are
that (a) the complex of proteins which causes cells to
fuse or not to fuse may interact with microtubules or
microtubule-associated proteins and that (b) cell fu-
sion reflects failure of viral proteins to initiate the
depolymerization and reorganization of microtubules
at the cell periphery adjacent to the plasma mem-
brane. According to this scenario, polykaryocytosis
would result from at least two events, both triggered
by mutations in complexes of membrane proteins. The
first would result in the fusion of membranes of adja-
cent cells. The second would result from a failure or
delay of the second stage of depolymerization and
rearrangement of microtubules. In this case, the ends
of microtubules would join to form a network extend-
ing along an axis directed toward the cell edge in
which new recruitment of cells into the polykaryocyte
takes place. Since each step may be expressed by a
different set of viral functions, this hypothesis more
readily explains the variability in syn1 phenotypes and
especially why some syn2 mutants induce polykaryo-
cytosis in some cells but not others.
(iv) Our studies do not shed additional light on the
mechanism by which the Golgi apparatus is fragmented
beyond the evidence presented elsewhere that the reor-
ganization of microtubules may be essential but not
sufficient for this process (Avitabile et al., 1995). The key
question, that is, why the Golgi apparatus is fragmented
in cells infected with syn1 but not in syn2-infected cells,
remains unsolved. It is conceivable that the reorganiza-
tion of microtubules in polykaryocytes forces the aggre-
gation of Golgi stacks or that the flow of transport vesi-
cles is sufficiently retarded to reduce the flow of viral
glycoproteins through the displaced but intact Golgi. To
address the mechanisms by which the Golgi is frag-
mented as well as the function of the fragmented Golgi,
it will be necessary to isolate and quantify transport




The isolation and properties of HSV-1(F), the prototype
HSV-1 strain used in our laboratory, have been described
previously (Ejercito et al., l968). The syn2 mutation in
HSV-1(MP) described by Hogan and Roizman (l959) is
due at least in part to a single nucleotide substitution
which replaces amino acid No. 40 of glycoprotein K
encoded by UL53 (Pogue-Geile et al., l984; Pogue-Geile
and Spear, l987). The virus also contains a mutation in
UL44 and in consequence it does not make glycoprotein
C (Heine et al., 1974). The parent virus, HSV-1(mP), ex-
presses gC and is syn1. The genetically engineered
mutant viruses used in this study were as follows. HSV-
1(F)D305 lacks the 500-bp BglII–SacI fragment of the
BamHI Q fragment of HSV-1(F) DNA (19). The deletion
encompasses the 59 end of UL23 encoding thymidine
kinase (tk) and the 59 end of UL24 encoding a membrane
protein. Deletions in the UL24 gene confer a syn
2 phe-
notype (Jacobson et al., l989; Sanders et al., l982). Virus
stocks of HSV-1(F), HSV-1(D305), HSV-1(MP), and HSV-
1(mP) were made in HEp-2 cells.
Electron microscopy
Electron microscopic examinations were done in a
Siemens 102 microscope. The procedures for staining
and fixation were the same as previously described
(Campadelli-Fiume et al., 1988, 1993).
Antibodies
Antibody to the Golgi-associated protein 58K (Bloom
and Brashear, l989) was purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Antibody to HSV-1 glycoprotein D
(1103) was obtained from Goodwin Biotechnology, Inc.
(Plantation, FL). Antibody to a-tubulin was obtained from
Amersham Life Sciences (Arlington Heights, IL). Goat
anti-mouse IgG conjugated to Texas red was obtained
from Molecular Probes, Inc. (Eugene, OR). Antibody to
58K protein was used at 1:50 dilution, antibodies to gD
and to a-tubulin were used at 1:500 dilution.
Immunofluorescence
Immunofluorescence was performed as previously de-
scribed (Ward et al., 1994). Digital images of the fluores-
cent profiles were acquired by using software provided
with the Zeiss confocal microscope and photographed
using TMAX-100 film and a 35-mm camera. Fluorescent
images of cells reacted with a-tubulin antibody were
photographed directly using TMAX-400 film and a Contax
35-mm camera.
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Infection and maintenance of infected cells in the
presence of cycloheximide
Replicate Vero cell slide cultures were incubated at
37°C in medium 199V or in the same medium but con-
taining 100 mg of cycloheximide per ml. After 1 h, the
cultures were mock-infected or infected with HSV-1(mP)
or HSV-1(MP) at 300 PFU per cell in the presence or
absence of cycloheximide. At 2 h after exposure to virus
infection, the cells were rinsed extensively with PBS and
fixed in ice-cold methanol prior to staining with antibod-
ies to a-tubulin as described above.
Black plaque assay
The procedures for the black plaque assay were es-
sentially as previously described (Kousalis et al., 1984).
Briefly, Vero cell monolayer cultures were exposed to 10
to 50 PFU of virus per 25-cm2 cell culture flask and
incubated at 37°C for 48 h. The monolayers were reacted
with anti-gD monoclonal antibody (1:500 dilution) at room
temperature for 90 min and subsequently with biotiny-
lated goat anti-mouse antibody and avidin conjugated to
horseradish peroxidase. The reaction was then devel-
oped using 4-chloro-1-napthol substrate.
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